Biologically active β-(1,3)-glucan oligosaccharides were prepared from 24 curdlan using GH64 enzyme (KfGH64). KfGH64 showed low activity toward native 25 curdlan; thereby pretreatment conditions of curdlan were evaluated. KfGH64 showed 26 the highest activity toward curdlan with heat treatment. The most efficient pretreatment 27 65 16, 17, 55, 64, 81, and 128 (CAZy: www.cazy.org). Most β-(1,3)-glucan hydrolases are 66 a member of GH16, but their hydrolysates are glucose and small size of 67 oligosaccharides (DP 2-4) (Gueguen, Voorhorst, van der Oost, & de Vos, 1997; 68 Kumagai & Ojima, 2009; Kumagai & Ojima, 2010). Therefore, hydrolases other than 69 the GH16 enzymes are required for the production of long oligosaccharides. GH64, 70 which is known as a family of yeast lytic enzyme, produced laminaripentaose (L5) and 71 4 did not produce small size oligosaccharides with DP less than 5 (Kitamura & Yamamoto, This characteristic is suitable for producing oligosaccharides with comparatively large 74 chain lengths; however, hydrolysis activity toward insoluble curdlan is considerably low 75 compared with soluble substrates like laminarin. In this study, we cloned and expressed 76 GH64 enzyme from Kribbella flavida NBRC 14399 (KfGH64) and investigated the 77 suitable pretreatment conditions of curdlan and hydrolysis conditions of KfGH64 for 78 producing biologically active β-(1,3)-glucan oligosaccharides. Furthermore, we 79 evaluated the hydrolysis products obtained from our new reaction system. 80 81 2. Material and methods 82 2.1. Materials 83 Curdlan, with a molecular weight of 8.1×10 4 Da, was purchased from Wako 84 Pure Chemicals Industries Ltd. (Osaka, Japan); laminarin (Laminaria digitata) and 85 β-(1,3)-glucan (Euglena gracilis) were from Sigma-Aldrich Corp. (St. Louis, MO, 86 USA); laminaran (Eisenia bicyclis) and glucan (black yeast) were from Tokyo Kasei 87 Kogyo (Tokyo, Japan); laminaribiose-laminariheptaose were from Seikagaku Kogyo 88 (Tokyo, Japan); β-glucan (barley) was from Megazyme International Ireland Ltd. (Bray, 89 Ireland).
3 β-(1,3)-Glucan oligosaccharides have biological activity and have been used in 48 new biomedical applications (Zhan, Lin, & Zhang, 2012) . They showed induction of 49 monocytes to produce tumor necrosis factor alpha (Miyanishi, Iwamoto, Watanabe, & 50 Oda, 2003), stimulation of the secretion of interleukin 1β (Jamois et al., 2005) , and 51 enhancement of defense responses in tobacco (Klarzynski et al., 2000; Fu et al., 2011) . 52 A few researches has revealed that oligosaccharides with a degree of polymerization 53 (DP)>4 possess biological activity and work as bioactive materials (Miyanishi et al., 54 2003; Jamois et al., 2005) . The preparations of oligosaccharides from curdlan by acid or 55 enzyme degradation have been reported; however, the hydrolysis rate was low value of 56 10-16% (Wu et al., 2009; Qian, Wu, Pan, & Xia, 2012; Li et al., 2013) or the main 57 hydrolysis products possessed DP less than 5 (Kusama, Kusakabe, Zama, Murakami, & 58 Yasui, 1984; Pang, Otaka, Suzuki, Goto, & Ohnishi, 2004) . Degradation of 59 alkali-formed curdlan gel by a fungus enzyme cocktail was successful in a high 60 hydrolysis rate; however, the hydrolytic products were mainly small size 61 oligosaccharides with DP<5 (Grandpierre, Janssen, Laroche, Michaud, & Warrand, 62 2008; Fu et al., 2015) . Therefore, the preparation large quantities of β-(1,3)-glucan 63 oligosaccharides with a DP>4 would be much in demand.
64
β-(1,3)-Glucan hydrolases are classified into glycoside hydrolase families (GH) 6 100 mL of 1 M NaOH and mixed using a magnetic stirrer below 20 °C for 6 h. Then the 120 solution was neutralized at pH 7.0 using 0.1 N HCl and insoluble curdlan was collected 121 by centrifugation at 5,000×g for 20 min. The precipitate was washed three times with 122 water and then homogenized (Li et al., 2013) ; 3) Alkali-neutralization: 1 g of curdlan 123 was solubilized in 100 mL of 1% NaOH (pH 11) and vigorously mixed using a 124 magnetic stirrer for 10 min, and then the pH was adjusted to 5.5 with acetic acid 145 The effects of temperature (50, 70, 90, or 100 °C), heating time (0.5, 2.0, or 4.0 146 h), and curdlan concentration (1.0, 2.5, or 5.0%) on the heat-treatment procedure 147 (method 4 in section 2.4) were investigated. The hydrolysis rate was estimated using 1% 148 the heat-treated curdlan. KfGH64 were almost same as those reported for GH64 enzymes (Doi, Doi, & Fukui, 188 1973; Palumbo, Sullivan, & Kobayashi, 2003; Wu et al., 2009; Woo, Kang, Woo, & Lee, 189 2014). and 43% for 1.0% curdlan, and 21 and 30% for 2.0% curdlan, respectively (Fig. 1) .
Detailed heat treatment conditions for the pretreatment of curdlan

200
These results indicated that heat treatment was effective for increasing in the hydrolysis 201 rate of curdlan by KfGH64. Method 5 being more effective than method 4, the treatment 202 conditions for heating temperature, heating time, and the concentration of curdlan 203 treated were investigated. The hydrolysis rate at 24 h-reaction of KfGH64 reached 60% 204 by heating over 90 °C for 2 h ( Fig. 2A) , while it was unaffected by the heating time and 205 the concentration of curdlan treated (Figs. 2B and 2C) . We then examined effects of the 206 concentrations of the curdlan and KfGH64 on the hydrolysis rate. Hydrolysis rates were 207 almost similar within the range of 0.5-1.0% pretreated curdlan (Fig. 3A ) that of 10-20 208 μg/mL KfGH64 (Fig. 3B) . Collectively, 1.0 mg of KfGH64 was enough for hydrolysis 209 of 1 g of adequately pretreated curdlan.
210
Combination of the alkali-neutralization-treated curdlan gel (method 3 in section 211 2.4) and hydrolysis using a fungus enzyme cocktail succeeded in the complete 212 degradation of curdlan; however, most of the hydrolytic products were glucose and 213 small size oligosaccharides with DP less than 5 (Grandpierre et al., 2008) . Activity of 214 KfGH64 toward curdlan prepared by method 3 was low (Fig. 1) . It is thought that 215 polysaccharide curdlan. Biomacromolecules, 15, 1079-1096. 
